This study examines for the first time the changing characteristics of summer and winter southern African rainfall and their teleconnections with large-scale climate through the dominant time scales of variability. As determined by wavelet analysis, the austral summer and winter rainfall indices exhibit three significant time scales of variability over the twentieth century: interdecadal (15-28 years), quasi-decadal (8-13 years), and interannual (2-8 years). Teleconnections with global sea surface temperature and atmospheric circulation anomalies are established here but are different for each time scale. Tropical/subtropical teleconnections emerge as the main driver of austral summer rainfall variability. Thus, shifts in the Walker circulation are linked to the El Niño-Southern Oscillation (ENSO) and, at decadal time scales, to decadal ENSO-like patterns related to the Pacific Decadal Oscillation and the Interdecadal Pacific Oscillation. These global changes in the upper zonal circulation interact with asymmetric ocean-atmospheric conditions between the South Atlantic and South Indian Oceans; together, these lead to a shift in the South Indian Convergence Zone and a modulation of the development of convective rain-bearing systems over southern Africa in summer. Such regional changes, embedded in quasi-annular geopotential patterns, consist of easterly moisture fluxes from the South Indian High, which dominate southerly moisture fluxes from the South Atlantic High. Austral winter rainfall variability is more influenced by midlatitude atmospheric variability, in particular the Southern Annular Mode. The rainfall changes in the southwestern regions of southern Africa are determined by asymmetrical changes in the midlatitude westerlies between the Atlantic and Indian Oceans.
Introduction
Year-to-year variations in rainfall across southern Africa have major consequences for human livelihoods and ecosystems through their impacts on drought, temperature, water supply, vegetation, and agriculture. Southern African rainfall distribution is marked by a strong seasonality over most of the subcontinent. Austral summer (October through March) is the main rainy season over much of southern Africa. The importance of the summer season, however, is decreasing from the northeastern to southwestern regions (approximately 31-34°S, 17-21°E), where rainfall occurs mainly during the austral winter months (May to August). Southern African rainfall also experiences strong interannual fluctuations, with recurrent wet and dry periods, in response to the coupled ocean-atmosphere modes of variability over the Pacific, Indian, and Atlantic Oceans. that affect southern Africa, such as tropical-temperate troughs (TTT), preferentially develop [Todd and Washington, 1999; Todd et al., 2004; Hart et al., 2012a Hart et al., , 2012b Macron et al., 2014] . El Niño also leads to a northward shift of the subtropical highs [Cook, 2004; Vigaud et al., 2009] , which is associated with high-pressure anomalies over the continent, suppressing convection and restricting wind flows toward southern Africa [Mulenga et al., 2003; Dieppois et al., 2015] . In contrast, interannual variability of winter southern African rainfall is related to the Southern Annular Mode (SAM) [Reason and Rouault, 2005] , which displays northward/southward shifts in the subtropical high-pressure belt similar to those produced in summer by El Niño events , and this impacts on South Atlantic sea surface temperature (SST) Reason and Jagadheesha, 2005] . Phillipon et al. [2012] also highlight a positive influence of ENSO on winter southern African rainfall (more frequent dry/wet spells during El Niño/La Niña) since the late 1970s, which is also associated with shifts in the subtropical highs and midlatitude westerlies.
Decadal fluctuations have also been found in summer southern African rainfall [Dyer and Tyson, 1977; Tyson, 1986; Mason and Jury, 1997; Malherbe et al., 2012; Jury, 2014] . Of particular importance is the interdecadal [Dyer and Tyson, 1977] ). Comparing synoptic maps during wet and dry years in the core areas of the interdecadal cycle, i.e., in the northeastern regions of southern Africa, Tyson [1981 Tyson [ , 1986 noted associations with changes in the meridional circulation between the South Atlantic and Indian Oceans, which may relate to variations in the subtropical ridge of the first zonal standing wave over the Southern Hemisphere. According to Malherbe et al. [2014 Malherbe et al. [ , 2016 , this could be consistent with atmospheric anomalies related to the SAM during the late austral summer (January-February-March (JFM)). A quasidecadal cycle in summer southern African rainfall, which is particularly pronounced along the south coast of South Africa [Tyson, 1981 [Tyson, , 1986 , has also been identified. Using the same approach for the southern cape (a region sensitive to summer and winter rainfall systems), Tyson [1981 Tyson [ , 1986 associated these quasi-decadal fluctuations with longitudinal changes in the location of the first ridge of standing wave 3. However, later studies examining the summer rainfall regions have described these quasi-decadal fluctuations as chaotic resonances of interannual variability [Mason, 1990; Kruger, 1999; : this implies that decadal forcing may appear similar to that driven by ENSO at the interannual scale.
Previous studies on the decadal variability of southern African rainfall have focused only on the summer months. Also, discussions about potential mechanisms and processes have been limited. Oceanic and atmospheric data sets have evolved considerably since the first hypotheses proposed by Tyson [1981 Tyson [ , 1986 . The choice of observed or reanalyzed data sets, which have to cover an extended period (at least a century) as homogeneously as possible in order to detect robust signals associated with decadal time scale of variability, is, however, still not well considered (cf. section 2.1). Meanwhile, Coupled General Circulation Models (CGCMs), which meet these criteria, substantially underestimate the magnitude of decadal to multidecadal variability in precipitation at the global scale [Ault et al., 2012] , probably due to difficulties in simulating all the processes contributing to the development of such time scales of variability in the tropical Pacific [Ault et al., 2013] and in the North Atlantic [Ba et al., 2014; Menary et al., 2015] . In addition, most of the studies cited above are based on comparisons between two periods of approximately 10 years, which are too short to capture the decadal variability signals (roughly two and a half cycles [Maraun, 2006; Schaefli et al., 2007] ). They are thus likely to describe changes in interannual variability between two decades that are not necessarily related to decadal signals. In this context, discussing the quasi-decadal variability as a chaotic resonance of interannual variability remains questionable. Other studies have used a~10 year running mean [e.g., Mason, 1990; Kruger, 1999; Jury, 2014; Malherbe et al., 2014] , which acts as a primitive low-pass filter (which does not fully suppress interannual variability) and therefore prevents considering the existence of several independent decadal time scales in southern African rainfall variability. This paper aims to address these gaps by defining the changing characteristics of both summer and winter southern African rainfall and their specific teleconnections for the main time scale of climate variability. Using a time-space approach based on spectral analysis, this study therefore aims to (1) provide a better understanding of decadal signals, which are likely to interfere with forced anthropogenic climate changes, and thus help improve seamless predictions at both seasonal [Palmer et al., 2008; Beraki et al., 2014] and decadal time scales [Keenlyside et al., 2008; Kirtman et al., 2013] and (2) provide new insights in understanding the nonlinear interactions between large-scale modes of climate variability and southern African rainfall. This paper is organized as follows. In section 2, the data set and analysis methods are described. In section 3, we analyze the dominant time scales of summer and winter southern African rainfall fluctuations. We examine in section 4
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Data and Methods

Data
The latest update of the Climatic Research Unit (CRU) data set is used to estimate southern African rainfall. The CRU TS 3.23 rainfall field is produced on a 0.5°× 0.5°grid and is derived from monthly rainfall provided by about 4000 weather stations distributed around the world from 1901 to 2014 [Harris et al., 2014] . As illustrated in Figures 1a and 1b , the wettest months occur between November and February (NDJF) in a major part of southern Africa (especially in the northeastern part), and between May and August (MJJA) in the southwestern and coastal regions (centered on the Western Cape region). While summer rainfall is primarily associated with synoptic-scale convective systems, such as tropical-temperate troughs (TTT) [Hart et al., 2012a [Hart et al., , 2012b Macron et al., 2014] , winter rainfall is associated with the passage of westerly cold front systems [Reason and Jagadheesha, 2005] . The "all year" rainfall of the southern coastal regions has not been considered here due to its seasonal dependence on the climate processes driving summer and winter rainfall variability that affects substantially the interpretation of results. Therefore, two seasonal rainfall time series (winter and summer) have been constructed by averaging the values over two irregular regions. These describe the two main seasonal patterns, which are more clearly related to large-scale climate and circulation Bold lines delineate the area used for the calculation of summer and winter rainfall indices (SRI and WRI). (b) Annual cycles of summer (red: SRI) and winter (blue: WRI) southern African rainfall indices and of every grid points used for their calculations (light red and blue). (c) Interannual anomalies of SRI and all grid points used for its calculation (n = 617) over the 20th and early 21st centuries. (d) Pointwise correlation between interannual anomalies in the SRI and the CRU TS 3.23 rainfall field over southern Africa. Black contours indicate correlations significant at the 95% confidence level (p = 0.05). Box plot indicates the spatial spread in the correlation coefficients over the area used in computing the index. (e, f) as for Figures 1c and 1d but using WRI.
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 modes of variability ( Figure 1a ): summer rainfall index (SRI in NDJF), and winter rainfall index (WRI in MJJA). Due to a substantial decline in the number of rain gauges used in CRU TS 3.23 data set from the mid-1990s, the quality of both seasonal indices is reduced over the last 20 years ( Figure S1 in the supporting information). Over the first half of the twentieth century, however, the number of rain gauges over the summer and winter rainfall regions is considered to be good ( Figure S1 ). Nevertheless, we estimated the dependency of the rainfall data sets using the centennial Global Precipitation Climatology Centre full data reanalysis version 7.0 (GPCC.v7) [Schneider et al., 2014] . The correlations between rainfall indices from the CRU TS 3.23 and GPCC.v7 are, regardless of time scale, greater than 0.96 (significant at p = 0.05). This ensures similar patterns and timing of long-term rainfall variability and thus similar composite climate anomalies ( Figures S2 and S3 ).
The spatial coherence of interannual rainfall anomalies of both indices has been assessed during their corresponding season (SRI in NDJF and WRI in MJJA; . The annual peak of rainfall is distinctly well phased for both regions (Figure 1b ). With respect to interannual rainfall anomalies, the median of the correlations between both regional indices and each grid point used for their calculation (within the dark red and blue boxes in Figure 1a ; n[SRI/WRI] = 617/75) is approximately 0.65 and 0.78 (and significant at p ≤ 0.05) for the SRI and the WRI, respectively (Figures 1d and 1f ). The range of correlation coefficients is larger for the WRI, as displayed by the box plots (Figures 1d and 1f ). Next, based on a pointwise correlation with the high-resolution rainfall grid over 34°-20°S and 10°-36°E, interannual SRI and WRI anomalies are both significantly correlated at p = 0.05 with a large patch over their calculation domains (Figures 1d and 1f ). Maximum correlations occur within the calculation domains, i.e., northwest of Johannesburg for the SRI and north of Cape Town for the WRI (Figures 1d and 1f ). Although lower for the WRI than for the SRI, a robust spatial coherence is suggested for both indices.
To examine the summer and winter teleconnections with global SSTs, we used the latest version of monthly SST data from the extended reconstructed SST (ERSST.v4) of the National Climatic Data Centre (NCDC). This ERSST.v4 gridded data set is generated using in situ data from the Comprehensive Ocean-Atmosphere Data Set (COADS) release 2.5, which employs new bias adjustments, quality control procedures, and analysis methods allowing for a reconstruction of sparse data over a 2°× 2°resolution grid [Huang et al., 2015] . As for version 3b, version 4 does not use satellite data. It is thus coherent over the whole time period. In particular, it is not affected by a cold SST bias induced by the use of satellites at the end of the twentieth century [Reynolds et al., 2002] . The use of satellite data leads to a modest decrease in the global warming trend, and thus probably of decadal signals, especially in the middle and high latitudes of the Southern Hemisphere [Reynolds et al., 2002] . Uncertainty related to the SST data sets, which is largely associated with the difference of bias adjustments and interpolation techniques to handle sparse data in the Southern Ocean, is assessed in supporting information using the HadISST1 data from the Met Office Hadley Centre [Rayner et al., 2003] and the COBE SST2 data from the Japan Meteorological Agency [Hirahara et al., 2014] .
The Twentieth Century Reanalysis version 2 (20CR.v2) is used to infer monthly atmospheric dynamics [Compo et al., 2006; Compo et al., 2011] . The 20CR.v2 is a 56-member ensemble global reanalysis, and available since 1871, over a 2°× 2°resolution grid that assimilates only surface pressure and uses monthly SST and sea ice distributions as boundary conditions. Such modeling and data assimilation strategy that remains constant over the entire time period allows spectral decompositions in analyzing atmospheric circulation across different time scales with a reduced sensitivity to artificial shifts induced by ingesting new data sets (as is the case for NCEP/NCAR-1 reanalysis [Poccard et al., 2000] ). The density of the observational network, i.e., amounts of assimilated data, as well as the quality of the SST field used as boundary conditions, remains nevertheless an intractable problem. This is likely to reduce the quality of the reanalyses, and the consistency between its different members, for the first decades of the period [He et al., 2016] . This uncertainty is addressed in supporting information by quantifying the similarity between the ensemble mean and each individual ensemble member and between the members themselves ( Figures S4-S7 ). The larger (lower) the agreement (spread) between the ensemble members, the lower (larger) the reliability of the reanalyses should be, since low intermember disagreements are indicative of a common response to a common forcing (namely, assimilated data of boundary conditions).
Six parameters are used here: latent heat flux (LHF), meridional wind (v) and zonal wind (u), specific humidity (q), geopotential height (z), and outgoing longwave radiation flux (OLR) at nominal top of atmosphere.
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Low-tropospheric to midtropospheric circulation anomalies are described through geopotential height at 1000 hPa and mass-weighted vertically integrated moisture flux and convergence between the surface and 500 hPa ∫ Upper tropospheric circulation anomalies are examined through OLR and wind circulation at 200 hPa.
Exploring Multiple Time Scales of Variability and Teleconnections
In section 3, time scale analysis is carried out using continuous wavelet transforms in order to visualize potential changes in the spectral content of each rainfall time series, i.e., the SRI and the WRI [e.g., Torrence and Compo, 1998; Grinsted et al., 2004; Maraun, 2006; Sang, 2013] . By representing the time series into time scale domain, one can determine which scales of variability (or periods in a Fourier sense) are the dominant variability modes affecting SRI and WRI. Such decomposition of the monthly precipitation signals is conducted with a Morlet mother wavelet with angular frequency 6 to produce the local wavelet spectra (or global wavelet spectra in scale dimension only), which produces a good trade-off between time and frequency resolution [Farge, 1992; Torrence and Compo, 1998 ]. The significance test of the wavelet spectrum for geophysical signals assumes a red noise background spectrum for the null hypothesis, which is tested by Monte Carlo simulations of first-order autoregressive (AR[1]) processes. To minimize edge effects and to avoid wraparound issues, the time series are padded with zeroes. The cone of influence, which delineates the area under which power can be underestimated as a result of edge effects and zero padding, is therefore represented on all spectra here as a black bold line [Torrence and Compo, 1998] (Figure 2b ).
The significant time scales of SRI and WRI variability are then reconstructed using fast Fourier transform (FFT) band-pass filtering, which can be considered as a digital filter in frequency domain. To reduce trend effects, both indices are first detrended using a locally weighted linear regression, with span equal to the length of the data. A nonzero mean and the trend term may otherwise affect the results [Wu et al., 2007] . The power of the dominant modes of variability can then be compared over time on an orthogonal basis, and different metrics can be computed (cf. section 3).
In sections 4 and 5, we examine the teleconnections between rainfall indices and the worldwide SSTs on the one hand and atmospheric circulation on the other hand. In each grid point from 1901 to 2013, the time series are detrended and next subjected to the FFT filter according to the significant time scales of southern African rainfall variability. Composite analysis is then performed to construct typical states of SSTs and atmospheric circulation. Two sets of SST and atmospheric anomalies are thus produced for each time scale, when rainfall variability is greater than ±1 standard deviation (cf. anomalies outside grey shaded band in Figure 3 ), after which the statistical significance is estimated by testing the difference in mean using a twosided Student's t test at p = 0.05. When the time series were serially correlated, the degrees of freedom were adjusted by recalculating the "effective sample size" (N eff ). This is given by the following approximation [Hamed and Rao, 1998; Yue and Wang, 2004] :
where N is the number of observations in the sample, ts(i) is the autocorrelation between ranks of the observations for lag i, and t is the maximum time lag under consideration. Dominant time scales of variability of key global climate indices have also been discussed using continuous wavelet analysis, while their statistical linear relationships with southern African rainfall have been assessed using wavelet squared coherence analysis [Torrence and Webster, 1999; Maraun, 2006 ].
Furthermore, ENSO variability is known to influence SST in the North Pacific [Latif and Barnett, 1994; Pierce, 2002; Schneider and Cornuelle, 2005] , Atlantic [Enfield and Mayer, 1997; Klein et al., 1999; Czaja et al., 2002; Toniazzo, 2009] , and Indian Oceans [Tourre and White, 1995; Klein et al., 1999] , as well as atmospheric circulation in the Southern Hemisphere [Cook, 2004; Fogt and Bromwich, 2006; L'Heureux and Thompson, 2006; Vigaud et al., 2009; Pohl et al., 2010] . We therefore performed a statistical sensitivity experiment, by removing ENSO influence from every climate anomaly, to disentangle the interactions involved properly. The first EOF (empirical orthogonal function) of tropical Pacific SST (35°S-35°N/120°E-60°W) has thus been generated, without applying band-pass filtering, for each season (NDJF and MJJA) and, then, statistically removed from the global SST and atmospheric data by subtracting linear regressions with the related principal component (PC). Induced modifications in SST and atmospheric anomalies would therefore be, at least partially, linearly associated with ENSO or decadal ENSO-like variability, and vice versa. Similarity between climate anomalies, which are identified before and after linearly subtracting ENSO, has been quantified at the global scale by computing spatial correlations and evaluating the significance using Dutilleul's [1993] modified t tests which account for spatial autocorrelation [Clifford et al., 1989 ].
Dominant Time Scale of Southern African Rainfall Variability
Time scales of summer and winter southern African rainfall variability appear similar according to the global wavelet spectra (Figure 2a ). According to the local wavelet spectra, interannual (2-8 year), quasi-decadal (8-13 year; QDV), and interdecadal (15-28 year; IDV) time scales are significantly above the red noise background spectra for both ( Figures 2b and 2c ). A distinct separation or spectral gap between the interdecadal and quasi-decadal signals is evident in Figures 2b and 2c ; this is even more pronounced when enhancing the frequency resolution in the wavelet transform (Morlet wavelet order > 6; not shown). Timing of periods of increasing variance at the interdecadal and quasi-decadal scales is different between summer and winter (SRI and WRI; Figures 2b and 2c ). The SRI displays significant increasing variance since the 1930s at the interdecadal time scale and since the late 1960s at the quasi-decadal time scale ( Figure 2b) . Meanwhile, the WRI shows higher variance before the 1980s and the 1960s, and then decreases at interdecadal and quasi-decadal time scales, respectively ( Figure 2c ).
The SRI and WRI are then decomposed with FFT (cf. section 2.2), where each time scale of variability is displayed as rainfall anomalies, i.e., deviation from the mean of unfiltered data (SRI/WRI: 83.8/37.15 mm month À1 ; Figure 3 ). Different metrics are calculated to evaluate their influence on seasonal rainfall amounts and fluctuations. Each rainfall index shows a robust spatial coherence over each time scale inside its calculation domain, with median correlation coefficients above 0.61 (and significant at p ≤ 0.05; box plots in Figure 3 ). The range of correlation coefficients is higher at the quasi-decadal time scale in both indices. We then examined the contribution of each time scale, here expressed as a percentage of total variance captured by the FFT filter on the overall rainfall variability (var[filtered data]/var[unfiltered data]). Interestingly, the interannual scale emerges unambiguously as the dominant mode of variability over both summer and winter regions, with a contribution of about 63.4-66.9% (against less than~11% for the quasi-decadal and interdecadal scales; Figure 3 ).
Interdecadal variability (15-28 years; IDV) displays fluctuations of about ± 5 and 2 mm month À1 , with maximum amplitude of fluctuations (maximum plus minimum) of about 19.8 and 8.25 mm month À1 in the SRI and the WRI, respectively (Figures 3a and 3c ). Although the timing of enhanced interdecadal variability is different, interdecadal SRI and WRI anomalies are correlated with similar regions over southern Africa (Figures 3b and 3d ). Quasi-decadal fluctuations (8-13 years; QDV) and interdecadal fluctuations are of the same order of magnitude (Figures 3e and 3g ). At these time scales, the SRI is positively correlated over most of southern Africa, with the exception of the southern coastal regions ( Figure 3f ). Furthermore, the WRI is positively correlated with a large patch over their calculation domains but also negatively correlated with the rest of southern Africa (Figure 3h ). Interannual variability (2-8 years) shows fluctuations of about ± 13.5 and 7.2 mm month À1 , with maximum amplitude of fluctuations of about 54.3 and 34.5 mm month À1 in the SRI and the WRI, respectively (Figures 3i  and 3k ). Correlation patterns of interannual variability are almost the same as those obtained with unfiltered indices (Figures 1d and 1f ) and constitute a large patch over their calculation domains (Figures 3j and 3l ). Such results were expected regarding the percentage of variance captured by inverse FFT filtering, but this also demonstrates that results of comparing two 10 year periods will essentially describe changes in interannual variability between the two periods. Composite anomalies associated with different SST and rainfall data sets are mostly consistent and significantly correlated ( Figure S2 ). Discrepancies are stronger for winter rainfall (especially in the Southern, Pacific, and Indian Oceans) and at the interdecadal time scale (IDV: 15-28 years; Figures S2 and S3 ). We focus below only on SST anomalies showing an agreement greater than 90% between data sets ( Figure S3 ). This ensures that similar SST anomalies would be identified using the ERSSTv.4, HadISST1, COBE SST2, CRU TS 3.23, and GPCC. v7 data sets.
Multiscale Relationship With Global SSTs
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Summer Rainfall and Global SST Anomalies
At the interdecadal time scale (15-28 years; IDV), Pacific SST anomalies associated with positive SRI display a horseshoe pattern, with cold anomalies in the central North Pacific surrounded by anomalies of opposite sign east of Asia, off California, in the Alaska gyre, and in Southern Hemisphere extratropical regions (Figure 4a ). This SST pattern is consistent with the interdecadal signals described by Tourre et al. [1999 Tourre et al. [ , 2001 Tourre et al. [ , 2005 , and it is also reminiscent of the Pacific Decadal Oscillation (PDO) during its negative phase [Mantua et al., 1997; Minobe, 2000; Mantua and Hare, 2002; Mills and Walsh, 2013] . Using the PDO index as defined by Mantua et al. [1997] , significant interdecadal fluctuations are detected, and these are coherent with interdecadal SRI variability (Figure 5a ). Such anomalies are still identified after linearly subtracting the influence of ENSO and decadal ENSO-like variability, hence the strong (significant at p = 0.05) spatial correlation coefficient between the two global SST patterns (Figure 6a ). Some regional differences are identified, however. North Pacific anomalies are magnified in the extratropical and eastern equatorial regions, while they are weakened over western equatorial regions (Figure 6a ). Two thirds of the PDO decadal variance is explained by zonal advection in the Kuroshio-Oyashio Extension and anomalies in the Aleutian low region [Schneider and Cornuelle, 2005] . Interactions between anomalies in the Kuroshio-Oyashio Extension, the Aleutian low region, and tropical convection are also proposed as a key driver of interdecadal climate variability in Tourre et al. [1999 Tourre et al. [ , 2001 Tourre et al. [ , 2005 . Positive interdecadal anomalies in the SRI are also related to cold anomalies in the tropical Indian Ocean and South Atlantic, while warm anomalies are detected in the extratropics The statistical significance (black contours) has been estimated by testing the difference in mean between SST anomalies during periods of rainfall variability greater and lower than 1 SD (cf. anomalies outside grey shaded bands in Figure 3 ), through a modified t test accounting for pseudoreplication in the series at p = 0.05.
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 ( Figure 4a ). This defines the South Atlantic dipole, which is the dominant SST pattern in this region, in particular at interdecadal time scales [Venegas et al., 1997] , and the South Indian Ocean dipole [Behera and Yamagata, 2001] . This is consistent with CGCM experiments by Morioka et al. [2015] , which show such influence of the South Indian Ocean dipole at decadal time scales. SST anomalies in the South Atlantic and South Indian Ocean are similar, after removing the influence of tropical Pacific SST variability ( Figure 6a ): this suggests, at least linearly, little impact of ENSO or decadal ENSO-like variability.
At the quasi-decadal time scales (8-13 years; QDV), Pacific SST anomalies associated with positive SRI fluctuations show cold anomalies in the tropical Pacific flanked by a horseshoe pattern of opposite sign, with marked anomalies in both North and South Pacific (Figure 4c ). This SST pattern is consistent with the quasi-decadal signals described by Tourre et al. [1999 Tourre et al. [ , 2001 Tourre et al. [ , 2005 and is reminiscent of the Interdecadal Pacific Oscillation (IPO), which is a wide-basin pattern of ENSO, during its negative life cycles Power et al., 1999; Folland et al., 1999] . This negative IPO occurs concomitantly with cold anomalies in the tropical Indian Ocean and SST dipole anomalies in the South Atlantic (Figure 4c ). The physical and statistical independence between the IPO and ENSO is, however, debatable. This is evident when comparing the global wavelet spectra of different ENSO indices (ENSO-PC based, Niño3.4, and the Southern Oscillation Indices (SOI)) with the tripole index for the IPO defined by Henley et al. [2015] , which display similar time scales of variability ( Figure 5a ). After linearly removing ENSO influence, tropical Indian and Pacific SST anomalies are strongly weakened, while extratropical SST anomalies do not change (except for the South Atlantic SST dipole, which is substantially weakened; Figure 6c ). The spatial correlation coefficient between the two global SST patterns is 0.59 (Figure 6c ). This supports earlier findings [Tourre et al., 2005; Power and Colman, 2006] , which showed that quasi-decadal fluctuations of equatorial Pacific SSTs, here related to the IPO, can be viewed as low-frequency ENSO phenomena. Only the tripole SST pattern in the North Pacific seems to be uncorrelated with the tropical Pacific SST variability (Figure 6c ). Journal of Geophysical Research: Atmospheres
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At the interannual scale (2-8 years), Klein et al. [1999] suggest that La Niña SST anomalies, which are associated with a cooler tropical Indian Ocean SST, are related to positive SRI anomalies. This suggestion is confirmed in Figure 4e and is consistent with the significant fluctuations and squared coherences identified in the ENSO indices at the interannual time scale (Figure 5a ). Such anomalies are substantially weakened after linearly removing ENSO influence, indicating that they are strongly influenced by ENSO ( Figure 6e ). However, the ENSO footprint is not totally removed in the equatorial Pacific (Figure 6e ), which highlights ENSO nonlinearity at the interannual time scale. The South Indian Ocean SST dipole is also identified in Figure 4e and appears to be magnified when ENSO influences are linearly removed (cf. Figures 4e and 6e ). We also note a warmer tropical Atlantic in the northern Benguela upwelling region (Figures 4e and 6e) , which is reminiscent of Atlantic Niños and Benguela Niños [Lübbecke et al., 2010; Rouault, 2012] .
Winter Rainfall and Global SST Anomalies
At the interdecadal time scale (15-28 years; IDV), Pacific SST anomalies associated with positive WRI anomalies are mostly centered on the North Pacific. Cold anomalies are detected over the southwestern and the central east North Pacific, contrasting with warm anomalies near the equator west of South America (Figure 4b ). Although the equatorial warm anomalies do not seem to extend over the canonical ENSO footprint westward, this might indicate potential influences of decadal El Niño-like anomalies or of the Interdecadal Pacific Oscillation (IPO) during its positive phase [Power et al., 1999; Folland et al., 1999] . Significant interdecadal signals are indeed identified in the PC-based IPO index during winter (Figure 5b ). However, all worldwide SST patterns are very similar with or without influences of tropical Pacific SST variability (spatial correlation = 0.99; Figure 6b ), which suggests that ENSO or decadal ENSO-like patterns cannot be the main driver of interdecadal variability in the WRI. These SST anomalies are dominated by a Figure 6 . As for Figure 4 but after linear subtraction of ENSO influence. The spatial association between SST anomalies before and after removing the influence of ENSO has been quantified using a spatial correlation. Asterisks indicate significant spatial correlations at p = 0.05 with regard to Dutilleul's modified t tests accounting for spatial autocorrelation.
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Pacific SST anomalies associated with positive quasi-decadal WRI fluctuations are centered on the northern regions and show warm anomalies being surrounded by cold anomalies in the southeastern and North Pacific (Figure 4d ). Warm SST anomalies in the eastern equatorial Pacific, which can be influenced by decadal ENSO-like variability and/or the IPO, are also detected at the quasi-decadal time scale (Figures 4d, 5b, and 6d ). However, after removing the influence of tropical Pacific SSTs, although the eastern Pacific SST anomalies are slightly enhanced, most global SST anomalies remain qualitatively unchanged (spatial correlation = 0.97; Figure 6d ). Over the adjacent ocean, the South Atlantic SST dipole is identified (Figures 4d and 6d) . Also, Indian Ocean SST anomalies display warm anomalies over the western tropical regions and cold anomalies over the eastern and extratropical regions (as far south as the latitude of Australia; Figures 4d and 6d) .
At the interannual scale (2-8 years), positive WRI fluctuations are associated with sparse significant SST signals, which are unlikely to be distinguishable from a random noise. Significant SST anomalies are, however, identified in the North Pacific, i.e., cold anomalies east of Japan, which are surrounded by warm anomalies over the China Sea, off the Californian coast and south of the Bering Sea (Figures 4f and 6f ). We also note warmer eastern tropical Atlantic and Indian Ocean SSTs, as well as cooler western Atlantic SSTs (Figures 4f  and 6f ). As for the longer time scales, global SST anomalies remain unchanged after removing ENSO influences (spatial correlation = 0.97; Figure 6f ).
In summary, SST anomalies related to SRI and WRI are different for each time scale examined. SST anomalies associated with SRI fluctuations are substantially influenced by ENSO (especially at the quasi-decadal and interannual time scales). However, this is not the case for WRI. As suggested in Wang et al. [2014] , the PDO might dampen or exacerbate ENSO-like anomalies, and, therefore, it could be an influential driver of summer rainfall in southern Africa. Interestingly, according to Venegas et al. [1997] and Behera and Yamagata [2001] , both South Atlantic and South Indian Ocean SST dipoles can develop independently of ENSO (but remain nonlinearly influenced by the latter). They are also related to summer and winter South African rainfall.
Atmospheric Forcing on the SST?
This section discusses potential mechanisms resulting in the SST anomalies described in sections 4.1,4.2 through a literature review supported by composite anomalies of latent heat flux (LHF; Figure 7) , as LHF is a key driver of many large-scale SST patterns [Xie, 2004] . Indeed, although the distribution of LHF anomalies is noisier than for SST, reduced LHF is related to warmer SST, while enhanced LHF is associated with cooler SST. This suggests that atmospheric variability is driving the SST. The opposite relation between latent heat flux and SST would suggest that the atmospheric variability damps the SST anomalies, although more complex relations could exist [Xie, 2004] . In addition, this relationship can even be more regionally complicated to understand where there is seasonal dependence of the role of ocean-atmosphere interaction dynamics, as it has been recently shown in the tropical Atlantic by Nnamchi et al. [2016] .
For instance, on each time scale and using both summer and winter rainfall indices, South Atlantic and South Indian Ocean dipole SST anomalies are predominantly associated with LHF anomalies of opposite signs (Figures 4 and 7) . This is not identified in summer at the interdecadal time scale (Figures 4a and 7a) . Although 20CR reanalysis is forced by observed SSTs, such negative relationships between SST and LHF anomalies have been reported to result from one-way atmospheric forcing. As hypothesized in earlier studies [Behera and Yamagata, 2001; Fauchereau et al., 2003; Suzuki et al., 2004; Hermes and Reason, 2005; Colberg and Reason, 2007] , such subtropical SST anomalies in the South Atlantic and South Indian ocean could be linked to changes in surface fluxes in response to changes in surface winds. According to Vizy and Cook [2016] , this mechanism is also likely to explain the recent long-term decadal SST cooling anomalies over the subtropical South Atlantic, which could be linked to increased LHF from the ocean in response to a poleward shift of the westerlies and an intensification of surface wind speeds over this region. However, similar negative oceanatmosphere Relationships have also been interpreted as feedback effects to the atmosphere. For instance, according to previous studies [Reason, 2002; Washington and Preston, 2006; Morioka et al., 2015] , the South Indian Ocean SST dipole could also induce, at the interannual and decadal time scales, an anomalous anticyclonic circulation driving an anomalous low-level easterly moisture flux toward southern Africa. mixed layer depth on the growth and maintenance of these SST anomalies. Such negative ocean-atmosphere interactions have also been identified in the North Pacific [Nonaka and Xie, 2003] . North Pacific tripole SST anomalies are thus associated with LHF of opposite signs at the quasi-decadal time scale in the SRI and interannual to quasi-decadal time scales in the WRI (Figures 4, 7c, 7d, and 7f ).
Furthermore, positive relationships between SST and LHF anomalies can be identified in the eastern tropical Atlantic over the Benguela upwelling region, in the tropical western Indian Ocean, and in the eastern equatorial Pacific (Figures 4 and 7) . The prevailing easterly trade winds have been reported to accelerate (decelerate) over warm (cold) SST by means of surface and latent and sensible heat fluxes [e.g., Zhang and McPhaden, 1995; Hashizume et al., 2001; Alexander et al., 2002; Vecchi et al., 2004; Xie, 2004] , which describes a clear SST influence on the atmosphere. Vizy and Cook [2016] thus noted that the poleward shift in the South Atlantic atmospheric circulation could also weaken coastal upwelling off the Angola Coast over the last three decades. Such positive ocean-atmosphere relationships have also been described in the North Pacific along the oceanic subarctic frontal zone [Frankignoul and Kestenare, 2002; Tanimoto et al., 2003; Taguchi et al., 2012] . As proposed by Nonaka and Xie [2003] , this could also be identified in the Kuroshio and its extension, especially at the interdecadal time scale (Figures 4a, 4b, 7a , and 7b). Such positive ocean-atmosphere relationships are generally thought to be due to a vertical shear adjustment of the atmosphere near the sea surface [Wallace et al., 1989; Xie, 2004] . Figure 9 shows the same atmospheric composite anomalies after linear removal of ENSO influence. The statistical significance has been estimated by testing the difference in mean between atmospheric anomalies during periods of rainfall variability greater and lower than 1 SD (cf. anomalies outside grey shaded bands in Figure 3 ), through a modified t test accounting for pseudoreplication in the series at p = 0.05. Partial transparency has been used to mask nonsignificant z1000 anomalies, while only significant zonal or meridional integrated moisture flux anomalies are shown by arrows.
Low-Tropospheric to Midtropospheric Circulation Anomalies
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The z1000 composite anomalies were recalculated for all ensemble members to assess the consistency with those obtained using the ensemble mean and to test the robustness of the results with respect to the internal variability of the model. This provides a measure of the constraint of reanalyzed fields by assimilated data and thus a measure of the uncertainties in the atmospheric variables. Weak member dispersion denotes a strong reproducibility of a given climate signal, suggestive of a strong importance of input observations and, thus, possibly strong consistency between reanalysis and observed atmospheric patterns. At the global scale, geopotential height anomalies from all ensemble members are mostly consistent and significantly correlated to those from the ensemble mean ( Figure S4a ): this suggests that reanalyzed z1000 anomalies are strongly determined by the assimilation process and should result in generally consistent atmospheric fields against observations. Larger uncertainties are identified in summer at the interdecadal time scale and in winter at the interannual time scale ( Figure S4a ). Discrepancies between the members are stronger over Antarctica whatever the time scale and the season considered ( Figure S5 ). Such internal variability, associated with a lower density of observational records available to constrain the model at the analysis time step, are nonetheless thought to have little effect on the patterns described in this section, since the member agreement is very strong for these patterns ( Figure S5 ).
Summer Rainfall and Low-Tropospheric to Midtropospheric Circulation Anomalies
In Austral summer, the polar low extends up to 60°S, while high pressures occur in the tropics and subtropics (Figure 8a ). Anticyclonic circulation associated with the South Atlantic and South Indian Highs is identified over the South Atlantic and South Indian Oceans, respectively (Figure 8a) . The midlatitude westerly moisture Figure 9 . As for Figures 8b, 8d 8f, and 8h but after linearly subtracting ENSO influence. The spatial association between atmospheric anomalies before and after removing influences of ENSO has been quantified using a spatial correlation. Asterisks indicate significant spatial correlations at p = 0.05 with regard to Dutilleul's modified t tests accounting for spatial autocorrelation.
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flux is thus evident between 37°and 60°S, but, on average, it is located too far to the south to directly influence southern African rainfall in Austral summer. According to Crétat et al. [2012] and Pohl et al. [2014] , summer southern African rainfall over the northern regions (Mozambique, Malawi, Zambia, Angola, and northern South Africa) is primarily related to tropical convection within the Intertropical Convergence Zone (ITCZ). However, for the regions to the southeast, it relates more to the SICZ, which is formed from the convergence between the South Atlantic westerlies and the South Indian easterlies, farther southeast [Cook, 2000] (Figure 8a) .
At the interdecadal time scale (15-28 years; IDV), low-tropospheric to midtropospheric circulation associated with positive SRI displays a quasi-annular mode, with low-pressure anomalies between the polar regions and 36°S and high-pressure anomalies in the subtropical and tropical regions (Figure 8c) . A southward shift of subtropical westerly moisture fluxes, which is associated with a weakening of westerly moisture flows toward southern Africa, is identified for a large part of the Southern Hemisphere (Figure 8c ). We also note an increase of anticyclonic circulation in the South Atlantic and South Indian high-pressure regions. This could be linked to a northward shift of the ITCZ, which is identified north of Madagascar from the Indian Ocean to the east of Lake Victoria (Figures 8c and 10b) . These anomalies promote enhanced southerly moisture fluxes from the South Atlantic and, especially, easterly moisture fluxes from the southern Indian Ocean along 10-20°S toward southern Africa (Figure 8c ). Low-pressure anomalies over the continent also favor moisture advections from the South Atlantic and Indian Oceans (Figure 8c ). These converge over southern Africa and, thus, strengthen the SICZ (Figure 8c ). Such anomalies are similar to those related to the SAM during its positive phase (spatial correlation = 0.51, significant at p = 0.05), but there is no significant interdecadal signal from November to February in the SAM index (Figure 5a ). These quasi-annular anomalies were reported to show maximum spatial coherence and are more centered on Antarctica from January to March [Malherbe et al., 2014 [Malherbe et al., , 2016 , when the interdecadal variability in the SAM index is strongest and significant (not shown). In addition, although interdecadal anomalies are very similar before and after subtracting linearly ENSO and decadal ENSO-like effects (spatial correlation ≥ 0.88, significant at p = 0.05), subtropical/tropical high pressure is substantially enhanced (Figure 9a ). This suggests a linear influence of ENSO on subtropical/tropical geopotential height anomalies, which reduces slightly easterly moisture fluxes and reduces rainfall due to increasing high pressure on the continent. Persistent easterly moisture fluxes related to anomalous anticyclonic circulation in the South Indian region are consistent with idealized model experiments of South Indian Ocean SST forcing, which is similar to that observed in Figure 4a , in HadAM3 [Washington and Preston, 2006] . As proposed by Morioka et al. [2015] through CGCM experiments, such decadal air-sea interactions could be interpreted as feedback effects to the atmosphere, which could help increase the persistence of regional shifts in the subtropical circulation.
At the quasi-decadal time scale (8-13 years; QDV), positive SRI anomalies are associated with an annular signal in the Southern Hemisphere, with weak low-pressure anomalies over Antarctica and in the tropics over the Atlantic and Indian basins, as well as high-pressure anomalies in the midlatitudes and tropical Pacific (Figure 8e ). However, subtropical high-pressure anomalies are asymmetric between the Atlantic and the Indian Oceans, which suggest a southward shift of the South Atlantic High and an enhancement of the anticyclonic circulation in the South Indian High region (Figure 8e ). High-pressure anomalies also occur over the southern parts of the continent (Figure 8e ). An easterly moisture flux from the South Indian Ocean is thus identified over tropical southern Africa, which then moves toward the southwestern regions (Figure 8e ). The moisture fluxes from the Indian Ocean converge with southeasterly moisture fluxes from the South Atlantic High, thereby strengthening the SICZ (Figure 8e ). This relates to a northward shift of the ITCZ, north of Madagascar from the western Indian Ocean to central Africa (Figure 8e ). These anomalies are suggestive of those driven by the SAM (spatial correlation = 0.48, significant at p = 0.05), but there is no significant quasidecadal fluctuation in the summer SAM index (Figure 5a ). After linearly removing the influence of ENSO and decadal ENSO-like variability, geopotential anomalies are substantially altered (spatial correlation = 0.68; Figure 9c ). The quasi-annular pattern is weakened, while high-pressure anomalies are identified in the tropics and are enhanced in the subtropics (Figure 9c ). High-pressure anomalies are thus detected over the continent, preventing rainfall and reducing easterly moisture fluxes (in particular between 50°and 80°E; Figure 9c ). Summer rainfall variability at the quasi-decadal time scale is thus predominantly driven by the tropical dynamic linked to ENSO, decadal ENSO-like variability, or the IPO. Journal of Geophysical Research: Atmospheres
At the interannual time scale (2-8 years), we note low-pressure anomalies in the tropical and polar regions, while asymmetric subtropical high-pressure anomalies occur between the Atlantic and Indian Oceans (Figure 8g ). Such anomalies indicate a southward shift of the South Atlantic High and an enhancement of anticyclonic circulation in the South Indian High (Figure 8g ). Southeasterly and easterly moisture fluxes reaching southern Africa are identified, in line with changes in the South Atlantic and South Indian atmospheric circulation, respectively (Figure 8g ). They converge over southern Africa and thus reinforce the SICZ (Figure 8g) . Concurrently, the ITCZ is shifted northward, as identified north of Madagascar over the Indian Ocean (Figure 8g ). These anomalies, even though they are weak over Antarctica and reveal some zonal asymmetries in the midlatitudes, show some similarities with the summer SAM (spatial correlation = 0.58, significant at p = 0.05). Low-pressure anomalies in the tropical regions from the Atlantic to the western Pacific, which are associated high-pressure anomalies in the eastern tropical Pacific, also suggest an influence of The statistical significance has been estimated by testing the difference in mean between anomalies during periods of rainfall variability greater and lower than 1 SD (cf. anomalies outside grey shaded bands in Figure 3) , through a modified t test accounting for pseudoreplication in the series at p = 0.05. Partial transparency has been used to mask nonsignificant OLR anomalies, while only significant zonal or meridional integrated moisture flux anomalies are shown by arrows. Strong negative OLR anomalies (in blue) are associated with higher than normal clouds or more frequent cloud cover, while positive anomalies (in red) refer to suppressed convection.
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 ENSO (Figure 8g ). The spatial correlation between atmospheric circulation anomalies before and after subtracting ENSO influences is quite high at the hemispheric scale (spatial correlation ≥ 0.81; significant at p = 0.05; Figure 9e ). This could be due to residual nonlinear ENSO impacts or to the combined impact of the SAM. However, after removing ENSO influence, there are no significant geopotential height anomalies at p = 0.05: this highlights the primary importance of ENSO at the interannual time scale. High-pressure anomalies over South Indian Ocean are weakened, which slightly reduces easterly moisture fluxes (Figure 9e ). Feedback effects of SST anomalies to the atmosphere are also likely to contribute to maintaining shifted atmospheric circulation over the South Indian Ocean [Reason, 2002; Washington and Preston, 2006; Morioka et al., 2015] , even after subtracting ENSO effects. At the interannual time scale, however, the influence of ENSO on such anomalies is reversed compared to the interdecadal and quasi-decadal time scales.
Winter Rainfall and Low-Tropospheric to Midtropospheric Circulation Anomalies
In the Austral winter, the ITCZ is located farther north, which limits the influence of the tropics, and the SICZ is not discernible (Figure 8b) . Subtropical high-pressure systems are strengthened, while the polar low is weakened (Figure 8b) . This results in a strengthening of midlatitude westerly moisture fluxes, which also extend up to the southwestern and coastal regions (Western Cape region; Figure 8b ). Winter rainfall is therefore primarily associated with the passage of westerly cold front systems [Reason and Jagadheesha, 2005] . Figure 8d shows that positive interdecadal WRI fluctuations are associated with a zonal geopotential pattern in the Southern Hemisphere, which is more pronounced in the South Atlantic. High-pressure anomalies are identified north of Antarctica, while low-pressure anomalies occur in the subtropics (Figure 8d ). This indicates a weakening of the South Atlantic High, which is consistent with a northward shift of the subtropical westerlies in the South Atlantic (Figure 8d ). An enhancement of westerly moisture fluxes toward the southwestern regions of southern Africa, which creates little convergence, is thus identified (Figure 8d ). This is consistent with an increase in the midlatitude frontal activity. After linearly removing the influence of tropical Pacific SSTs, these geopotential anomalies are largely unchanged at the hemispheric scale (spatial correlation ≥ 0.99, significant at p = 0.05; Figure 9b ). This suggests very little influence of ENSO on interdecadal winter rainfall variability, at least linearly.
At the quasi-decadal time scale (8-13 years; QDV), positive WRI anomalies are linked to an almost continuous and zonally symmetric annular pattern of positive geopotential height anomalies over the Southern Ocean. This is reminiscent of the SAM anomalies (spatial correlation = 0.71, significant at p = 0.05), which show a significant quasi-decadal variability during that season (Figure 5b ). The South Indian High and the South Atlantic High are both weakened (Figure 8f ). A northward shift in the midlatitude westerlies is identified over the South Atlantic and Indian Oceans and over the continent (Figure 8f ). This is associated with enhanced midlatitude frontal activity and, thus, westerly moisture fluxes toward southern Africa and convergence over the southwestern and northeastern regions (Figure 8f ). With this annular pattern are also associated contrasting geopotential height anomalies in the tropics, with high-pressure anomalies in the Pacific Ocean and low-pressure anomalies over the Atlantic Ocean and Australia (Figure 8f ). While geopotential height anomalies are slightly modified after linearly subtracting the influence of ENSO, the global pattern does not change (spatial correlation ≥ 0.97, significant at p = 0.05). This suggests a specific influence of the SAM on the WRI at the quasi-decadal time scale. Quasi-decadal fluctuations, which are significantly coherent with those of the WRI, are indeed significant in the winter SAM index (Figure 5b ). This lends useful support for the findings of L'Heureux and Thompson [2006] and Pohl et al. [2009] , which show that the statistical relationship between the SAM and ENSO is strong only during austral summer and is not significant during the rest of the year.
At the interannual time scale (2-8 years), annular geopotential anomalies (composed of high-pressure anomalies over Antarctica and low-pressure anomalies in the subtropics) are linked to WRI fluctuations, suggesting influence of the SAM (spatial correlation = 0.75, significant at p = 0.05; Figure 8h ), which shows a significant quasi-decadal variability during that season (Figure 5b ). This geopotential signal is nevertheless stronger over the South Indian Ocean, which indicates a weakening of the South Indian High. A reinforcement of the midlatitude frontal activity is suggested by a northward shift in midlatitude westerlies, which is even more pronounced over the South Indian Ocean (Figure 8h ). The resulting moisture flux primarily affects western to southwestern coastal regions of southern Africa, where it produces convergence (Figure 8h) . At the hemispheric scale, low-tropospheric to midtropospheric circulation anomalies appear very Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 similar after linearly removing ENSO effects (spatial correlation ≥ 0.98, significant at p = 0.05; Figure 9f ). This indicates a specific influence of the SAM on the WRI at the interannual time scale.
In summary, in summer, low-atmospheric to midatmospheric circulation anomalies are strongly influenced by ENSO, decadal ENSO-like variability, and their interactions with SST anomalies in the South Indian Ocean; in winter, however, they are mostly related to the SAM. As emphasized by earlier studies [Seager et al., 2003; Fogt and Bromwich, 2006; L'Heureux and Thompson, 2006; Pohl et al., 2010] , the SAM itself is significantly correlated with ENSO in summer. The ENSO influence is stronger in the tropics and subtropics, and, according to Fogt and Bromwich [2006] , this leads to asymmetrical geopotential anomalies between the South Atlantic and South Indian Oceans, which are likely to alter the canonical SAM pattern. This could be particularly true from January to February at the interdecadal time scale in accordance with Malherbe et al. [2014 Malherbe et al. [ , 2016 . Interestingly, the influence of ENSO on the South Indian High is reversed between the interannual and the quasi-decadal to interdecadal time scales, which could highlight a time scale dependence of airsea interactions. In winter, consistent with Reason and Rouault [2005] , the influence of the SAM on southern African rainfall is strong and significant, particularly at the quasi-decadal and interannual time scales.
Upper Tropospheric Circulation Anomalies
Figure 10 displays summer and winter means for of 200 hPa wind circulation, as well as tropical/extratropical deep-convection anomalies (using OLR at the nominal top of atmosphere), which are compared to interdecadal to interannual composite anomalies. ENSO impact on such anomalies is then assessed by subtraction in Figure 11 .
The OLR composite anomalies have been recalculated for every ensemble member to quantify the reproducibility of the results obtained with the ensemble mean. At the global scale, deep-convection anomalies from Figure 11 . As for Figure 10 but after linearly subtracting ENSO influence. The spatial association between upper tropospheric anomalies before and after removing influences of ENSO has been quantified using a spatial correlation. Asterisks indicate significant spatial correlations at p = 0.05 with regard to Dutilleul's modified t tests accounting for spatial autocorrelation.
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 all members are mostly consistent and significantly correlated to the ensemble mean ( Figure S4b ). This suggests that reanalyzed z1000 anomalies are rather strongly constrained by assimilated observations and result in rather low uncertainties according to the 20CR data set. Uncertainties are greater in winter (in particular at the interdecadal and interannual time scales; Figure S4b ). The spread between the members is larger in the tropics in all seasons and time scales ( Figure S6) . The large-scale patterns interpreted in section 6.1, and based on the ensemble mean, are nonetheless strongly reproducible by all the members ( Figure S7 ), implying uncertainties in the local and regional convective variability in the tropics rather than in large-scale patterns.
Summer Rainfall and Upper Tropospheric Circulation Anomalies
In Austral summer, the ITCZ is in its southernmost location at the global scale (Figure 10a ). In particular, the ITCZ is parallel to the coast from central to southern Africa at approximately 30°E (Figure 10a ). As mentioned in section 5.1, in summer, the ITCZ is the primary source of deep convection and rainfall over the northern regions of southern Africa. Farther south, summer rainfall is associated with tropical/extratropical deep convection in the SICZ [Cook, 2000] (Figure 10a) , where synoptic-scale rain-bearing systems, such as tropicaltemperate troughs (TTT), preferentially develop [Todd and Washington, 1999; Todd et al., 2004; Hart et al., 2012a Hart et al., , 2012b Macron et al., 2014] . However, unlike similar deep-convection features in the South Atlantic (South Atlantic Convergence Zone or SACZ [Carvalho et al., 2004] ) and in the South Pacific (South Pacific Convergence Zone or SPCZ [Brown et al., 2013] ), which occur throughout the year, the SICZ is only identified in Austral summer (Figures 10a and 10b ). It is also characterized by a strong year-to-year spatial variability [Cook, 2000; Fauchereau et al., 2009; Pohl et al., 2009; Crétat et al., 2012; Macron et al., 2014; Pohl et al., 2014] . Deep convection associated with the SICZ can thus be identified in a NW-SE direction over the continent (SICZ#1) or over the South Indian Ocean (SICZ#2; Figure 10a ). Such interannual shifts in the mean location of the SICZ have been related to (1) phase changes in ENSO modes of variability (SICZ#1 in La Niña conditions and SICZ#2 in El Niño [Cook, 2001; Fauchereau et al.,2009] ); and (2) Indian Ocean SST anomalies [Nicholson, 1997; Nicholson and Kim, 1997] .
At the interdecadal time scale (15-28 years; IDV), positive SRI anomalies are associated with a west/east contrast of enhanced deep convection over the Maritime Continent and suppressed deep convection from the central to eastern Pacific (Figure 10c ). These anomalies are much pronounced over the Southern Hemisphere than in the Northern Hemisphere (Figure 10c ), but this could be consistent with a westward shift in the Walker circulation associated with a negative PDO. Suppressed deep convection is also seen over the SPCZ and the northward shifted ITCZ (Figure 10c ). In the southern African domain, we identify in Figure 10c a large band of enhanced deep convection, being surrounded to the east and to the west by suppressed deep convection, with both extending in a NW-SE direction. This suggests a southwestward shift in the climatological location of the SICZ#2, which would be detected closer to the SICZ#1 location (Figure 10c ). Lyon and Mason [2007] and Hart et al. [2012a Hart et al. [ , 2012b argue that this shift of the SICZ#2 leads to enhanced development of synoptic-scale rain-bearing systems, such as the TTTs, over the northeastern regions of southern Africa at the synoptic scale. Interestingly, we find that after linearly removing the influence of decadal ENSO-like variability, such shifts in the longitudinal position of the SICZ#2 are reduced, while deep-convection anomalies occur in the region of the SICZ#1 (Figure 11a ). This also highlights that although the PDO variability cannot result in a shift of the Walker circulation in the absence of tropical signals, this only partially influences the longitudinal changes in the location of the SICZ (Figure 11a ). This tentatively suggests an additional forcing, such as interdecadal anomalies in the Indian Ocean SST, which are enhanced after subtracting the influence of decadal ENSO-like variability (Figures 4a and 6a) . However, the intensity of deep-convection anomalies, which is substantially weakened, seems to be linearly related to decadal ENSO-like anomalies (spatial correlation = À0.1; Figure 11a ). Also, a decrease of upper tropospheric westerlies due to a southward location of the midlatitude westerly jet is confirmed with or without the influence of tropical Pacific climate variability (Figure 10c ). However, linear removal of the influence of ENSO does not modify the upper tropospheric wind circulation patterns at the global scale (spatial correlation ≥ 0. 97, significant at p = 0.05; Figure 11a ). At the quasi-decadal time scale (8-13 years; QDV), positive SRI fluctuations are associated with similar upper tropospheric anomalies to those observed at the interdecadal time scale (Figures 10c and 10e ). However, these anomalies are quite symmetric between the Northern and Southern Hemispheres (Figure 10e ), which suggests an equatorial forcing such as decadal ENSO-like anomalies (here La Niña-like anomalies). A westward shift in the Walker circulation is identified and is associated, at the regional scale, with a southwestward Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 shift of the SICZ#2 toward the SICZ#1 location (Figure 10e ). Interestingly, linearly subtracting the influence of decadal ENSO-like (such as the IPO) leads to a weakening of the shift in the Walker circulation and a reduction in the longitudinal shift of the SICZ (Figure 11c ). Although deep-convection anomalies are substantially reduced over southern Africa after linearly removing the influence of decadal ENSO-like deep convection, anomalies persist in the region of the SICZ#1. At the quasi-decadal time scale, decadal ENSO-like variability contributes only partly to favor the development of synoptic-scale rain-bearing systems (e.g., TTTs), promoting wet conditions over the southern African landmass. The upper tropospheric wind circulation anomalies are weakened after removing the influence of tropical Pacific climate variability, but the pattern is largely unaffected (spatial correlations ≥ 0. 87, significant at p = 0.05; Figure 11c ).
Positive interannual SRI anomalies (2-8 years) are similar to those noted at the quasi-decadal time scale, but they are significantly less pronounced over the equatorial Pacific (Figures 10e and 10g) . We thus identify a westward shift in the Walker circulation, which is associated with a southwestward shift from the SICZ#2 toward the SICZ#1 location (Figure 10g ). This shift of the SICZ#2 is much less pronounced at the interannual scale than at the quasi-decadal scale (Figures 10e and 10g) . At the quasi-decadal time scale, the shift in the Walker circulation is strongly weakened after linearly subtracting ENSO effects: this reduces the westward shift of the SICZ (Figure 11e ). This is consistent with a weakening of the South Indian High after subtracting the influence of ENSO (Figure 9e ). Although SST dipole anomalies in the Indian Ocean should partly contribute to shift the SICZ at the interannual time scale, this highlights the primary importance of ENSO in favoring the development of synoptic-scale rain-bearing systems (e.g., TTTs), which promote wet conditions over southern Africa. Furthermore, this also confirms a decrease in the intensity of the midlatitude westerly jet in response to the southward shift during wet conditions at the interannual scale (Figures 10g and 11e ).
Winter Rainfall and Upper Tropospheric Circulation Anomalies
In Austral winter, as mentioned in section 5.2, the ITCZ is located farther north compared to summer, which limits the influence of the tropics (Figure 10b) . Meanwhile, the midlatitude westerly jet is seasonally strengthened and slightly shifted northward (Figure 10b ). Note that the Walker circulation is not evident in the summer and winter mean condition (Figures 10a and 10b) .
At the interdecadal time scale (15-28 years; IDV), positive WRI fluctuations are associated with suppressed/ enhanced deep convection, which is regionally identified north/south of the equator (~20°N-20°S) and of the subtropics (~20°-40°S; Figure 10d ). This suggests regional changes in the tropical and subtropical meridional circulation, which are consistent with interdecadal zonal geopotential anomalies (Figure 8d ). The subtropical westerly jet is shifted farther north in the South Atlantic and farther south over the Indian Ocean (Figure 10d ). This pattern does change after linearly subtracting ENSO and decadal ENSO-like effects (spatial correlations ≥ 0. 99, significant at p = 0.05; Figure 11b ). This confirms a negligible influence of the tropical Pacific SST anomalies at the interdecadal time scale.
At the quasi-decadal time scale (8-13 years; QDV), upper tropospheric circulation anomalies are similar to those identified at the interdecadal time scale. OLR anomalies, which seem linearly independent of tropical Pacific climate variability, display suppressed convection in the ITCZ (and the midlatitudes too) and enhanced convection in the tropics (Figures 10f and 11d ), indicating regional weakening in the meridional circulation. A northward shift and an increase of upper tropospheric westerlies is detected around 20-30°S in the South Atlantic (Figure 10f ).
Positive interannual WRI anomalies are also associated with regional modifications in the meridional circulation. Suppressed/enhanced deep convection is regionally distributed north/south of the equator (~30°N-10°S) and of the subtropics (~10°-40°S; Figure 10h ). A northward shift of the midlatitude westerly jet is detected around 20-40°S, which, with a large band of more frequent cloud cover, suggests increase in the westerlies between southern Africa and Australia (Figure 10h ). As at the interdecadal and quasi-decadal time scale, these interannual anomalies are not modified after linearly removing ENSO effects (spatial correlation ≥ 0. 99, significant at p = 0.05; Figure 11f ), which confirms a negligible influence of the tropical Pacific SST anomalies.
In summary, at each time scale considered, tropical/subtropical teleconnections are the main drivers of SRI variability. Whatever the time scales specifically considered, these teleconnections are associated with scale interactions. In summer, the tropical Pacific climate variability which is linked to ENSO or decadal ENSO-like variability is associated with shifts in the Walker circulation: these serve (with non-ENSO-like ocean-atmosphere Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 anomalies in the South Indian Ocean) to modulate the intensity and longitudinal displacements of the SICZ and, thus, to influence precipitation over southern Africa. The mechanisms are more complex in winter, when the influence of the SAM, here expressed as shifts and intensifications of the midlatitude jet stream, becomes more important and ENSO becomes negligible. These new analyses here, therefore, show that winter teleconnections are associated with midlatitude and high-latitude dynamics, which can respond to, or be coupled with, regional changes in the meridional circulation. Similarities are, however, identified across time scales, which suggest interlocking mechanisms between them.
Discussion and Conclusion
This study analyzes the changing characteristics of summer and winter southern African rainfall and their teleconnections with large-scale climate through the dominant time scales of variability. Austral summer is the main rainy season over much of southern Africa, which occurs over the tropical and subtropical regions. However, in the southwestern tip of Africa, the annual rainfall peak occurs in austral winter. Two spatially coherent rainfall indices referred to as SRI and WRI have been calculated with respect to the two main seasonal patterns. As determined by wavelet analysis, both indices exhibit three significant time scales of variability: interdecadal (15-28 years), quasi-decadal (8-13 years), and interannual (2-8 years). Timing of periods of strong variance at the interdecadal and quasi-decadal time scales is nevertheless different for both rainfall indices. For instance, at the interdecadal and quasi-decadal time scales, the SRI displays significantly increasing variance since the 1930s and the late 1960s, while WRI shows decreasing variance.
Teleconnections with worldwide SST and atmospheric circulation anomalies impacting SRI and WRI fluctuations are different on all three time scales considered here. Importantly, the tropical/subtropical teleconnections emerge here as the main driver of summer rainfall variability at every time scale. Different timings between interdecadal, quasi-decadal, and interannual anomalies could thus provide some insights in understanding the nonlinear relationship between ENSO and southern African rainfall . This might also help to understand the development of ENSO flavors [Johnson, 2013] , as well as their contrasted impacts on southern Africa [Ratnam et al., 2014; Hoell et al., 2015] . Indeed, the development of ENSO flavors might, at least partly, result from interactions between Pacific SST anomalies occurring at different time scales (e.g., PDO SST anomalies influencing ENSO anomalies), although this has never been studied before. At the interdecadal time scale, ENSO or decadal ENSO-like forcing of the PDO decadal variance leads to shifts in the Walker circulation, which, at the regional scale, contribute with ocean-atmosphere anomalies in the South Indian Ocean to shift the SICZ#2 toward its continental position (SICZ#1). Combinations of ENSO forcing and ocean-atmosphere anomalies in the South Indian Ocean are thus needed in the relationship between PDO and southern African rainfall, as introduced by Wang et al. [2014] , and this is supported by the new analyses presented here. The IPO and ENSO, whose physical independence remains controversial [Power et al., 1999; Folland et al., 1999; Tourre et al., 2005; Power and Colman, 2006] , also drive such anomalies at the quasi-decadal and interannual time scales. At each time scale, colder or warmer Pacific SSTs result in changes in the Walker circulation: these interact with ocean-atmospheric changes in the South Indian Ocean, which act together with varying degrees of importance to alter the intensity and longitudinal location of the SICZ and, thus, to modulate the TTT developments and deep convection over southern Africa.
At each time scale, these atmospheric changes in the South Indian Ocean are embedded in quasi-annular geopotential anomalies describing a southward shift in the midlatitude westerlies. These could be related to the canonical SAM pattern or ENSO-like anomalies in the Southern Hemisphere [Seager et al., 2003; Fogt and Bromwich, 2006; L'Heureux and Thompson, 2006; Pohl et al., 2010] . The relationship with the SAM is likely to be stronger from February to March at the interdecadal time scale in accordance with Malherbe et al. [2014 Malherbe et al. [ , 2016 . Interdecadal to interannual variability in summer rainfall is thus closely related to an increase of easterly moisture fluxes from the South Indian High, which converges over the continent with southerly moisture fluxes from the South Atlantic High. In particular, the South Indian moisture fluxes are more pronounced than those from the South Atlantic at the interdecadal time scale, while, at the quasi-decadal and interannual time scales, the South Atlantic moisture fluxes are shifted southward compared to those from the South Indian Ocean. This asymmetry could contribute to explain why the SICZ is shifted longitudinally and enhanced. Such regional changes in the atmospheric circulation could be associated with dipolar SST anomalies in the adjacent oceans via changes in latent heat fluxes [Behera and Yamagata, 2001; Reason, 2002;  Journal of Geophysical Research: Atmospheres 10.1002/2015JD024576 Fauchereau et al., 2003; Suzuki et al., 2004; Hermes and Reason, 2005; Washington and Preston, 2006; Colberg and Reason, 2007; Morioka et al., 2015; Vizy and Cook, 2016] .
Our results show that the influence of tropical Pacific climate variability on southern African rainfall variability is almost negligible in winter over the twentieth century. However, according to Phillipon et al. [2012] , the influence of tropical Pacific climate variability may have become more important since the 1970s. Although sparse significant signals have been detected at the interannual time scale, the interdecadal and quasi-decadal variability of winter southern African rainfall can be associated with SST anomalies in the North Pacific and more particularly with contrasted SST anomalies between the Atlantic and Indian Oceans, the sign of which depends on the time scale considered. These asymmetric dipole SST anomalies in the oceans adjacent to southern Africa are likely to be associated with changes in surface winds which would alter the turbulent latent heat and sensible heat fluxes. Winter rainfall variability is strongly related to regional changes in the subtropical highs and, thus, to midlatitude westerly frontal activity. Reason and Rouault [2005] argue that the influence of the SAM is strong in austral winter. We show that it influences quasi-decadal and interannual time scales of variability. According to OLR anomalies, this could be in response or coupled to regional modulations in the meridional circulation, although the main forcing of this modulation in the meridional circulation is not identified here.
This study provides new insights on climate interactions across different time scales and at global and regional scales and -clarifies our understanding of decadal scale climate variability and predictability. By virtue of the methodology, which disentangles the processes of multiple time scales, this study provides a clearer synthesis of atmospheric dynamics associated with global ocean-atmosphere modes of variability which influence, seasonally and regionally, vital southern African rainfall receipts. Such analyses will help to understand recurrent rainfall and drought patterns across this dry region. Our results could thus be used to test the ability of Earth system models (e.g., Coupled Model Intercomparison Project-Phase 5 [Taylor et al., 2012] as well as their future releases) to reproduce such teleconnections across distinct time scales. This issue is of particular importance in developing new seamless prediction approaches at the seasonal [Palmer et al., 2008; Beraki et al., 2014] to decadal time scales [Keenlyside et al., 2008; Kirtman et al., 2013] .
